The interaction of oxygen with clean surfaces of stainless steels has been studied by spectroscopic ellipsometry and AES. The reaction involves chemisorption and dissolution of oxygen into the surface of the metal via a place-exchange mechanism.
Introduction
It has been shown that the oxidation of metals and alloys is strongly influenced by cold work [l-5] , indicating that the surface conditions play an important role in the oxidation mechanism.
The interaction of oxygen with atomically clean metal surfaces can generally be described by dissociative chemisorption, followed by oxide nucleation and lateral growth, and subsequently oxide thickening.
The chemisorbed layer may be reconstructed or non-reconstructed and the concentration at which the oxide nucleates may vary. The kinetics of chemisorption often shows a Langmuir behaviour.
In the case of Ni(lll) and Ni(lOO), Holloway and Hudson [6, 7] report a steep decrease of the sticking coefficient with coverage. At the onset of nucleation it rises slightly, but after a maximum it falls again. The exposure required to complete the c(2 X 2) structure on a Ni(lOO) varies from 15 L [8] to about 50 L [9] . Hanekamp and van Silfhout [lo] have shown that the initial oxidation behaviour of the Ni(ll0) surface is influenced by the annealing treatment given prior to the oxidation experiment. They report that the same change in ellipsometric parameter A may correspond to different oxygen concentrations in the layer on top of the metal surface indicating that the annealing temperature affects the polarizability of the oxygen. Their oxidation curves for Ni(ll0) after annealing at 570 K look very much like those reported by Holloway [ll] . However, the saturation at 0.25 ML, as reported by Holloway [ll] is absent for the oxidation after annealing at 740 K.
As soon as a continuous layer has been formed, the diffusion of cations, anions or electrons through the oxide can become the rate-limiting step. Models concerning oxide film formation have been reviewed by Lawless [13] and only a few models are discussed briefly here. Mott [14] described the subsequent oxidation by the assumption that metal ions diffuse through the oxide film, by an outward diffusion of interstitials or an inward movement of cation vacancies, and react with the oxygen at the oxide/gas interface. It has been suggested that due to a quantum mechanical tunneling effect electrons can move through a 3.0 to 4.0 nm thick oxide layer. For a film with a thickness smaller than 2.0 nm it is assumed that ion movement through the film is the rate-limiting step and thus a parabolic equation describes the kinetics. Between 3.0 and 4.0 nm, electron tunneling was regarded to control the oxidation. The rate of oxide growth is then given by:
where x is the oxide thickness, V the potential difference, m the mass, C = 10' cm/s, t is time, and h Plan&s constant. Integration yields the logarithmic equation:
where A and B are constants.
For films exceeding 5.0 nm either thermionic emission or diffusion of electrons was assumed to be the rate-limiting step, since the tunneling effect can no longer be effective. Diffusion gives a parabolic behaviour, while the thermionic emission leads to inverse logarithmic kinetics. Cabrera and Mott [15] put forward a theory of low temperature oxidation, based on the assumption that migration of anions occurs under the influence of a potential across the growing oxide. This field, due to the ionization of both oxygen at the gas/oxide interface and metal at the oxide/metal interface, assists metal ions to cross the thin layer without an appreciable contribution from the thermal movement and leads to an inverse logarithmic law:
The essential feature of this model is that the activation energy for the movement of a cation is so large that the jump frequency is negligible unless :qaF Z+ kT, so that the activation energy is lowered appreciably (q is the charge of the ion, CI is the jump distance and F the field across the oxide). Eley and Wilkinson [16] supposed that the activation energy is of the form I+', = rY, + px where p is a constant depending on the film structure. This leads to a direct logarithmic equation:
x=Aln(l+Bt).
The model of Cabrera and Mott [15] has one strong limitation because only cation migration is taken into account, while some oxides are reported to grow via anion migration (e.g., aluminium [17] 
In the present investigation an automatic spectroscopic ellipsometer has been used in order to obtain information about successive stages of the low temperature oxidation of stainless steel AISI 304 and Incoloy 800 H.
Experimental
The experiments were performed in an UHV system, which was provided with facilities for spectroscopic ellipsometry (400-800 nm), AES (3 keV primary beam, sample current 3-10 pA/cm2), ion bombardment and a quadrupole mass analyser for residual-gas analysis. The ellipsometric experiments were performed at an angle of incidence of 66.00 o & 0.05 O. Oxidations were performed with pure oxygen (99.995%) at pressures between 1O-4 and 1O-6 Pa and at temperatures between 300 and 720 K. The experimental procedures are described in ref. [l] and the ellipsometer, which was of a PSA,,,A configuration, is essentially described in ref. [19] . The chemical compositions of the stainless steels, used in these investigations, are given in table 1. The materials were polycrystalline and fully annealed before applying cold work.
Cleaning of the sample in the UHV system was performed with Ar ion bombardment (600 eV primary beam, sample current -0.7 PA/cm', 70 o off-normal).
The samples were not annealed after sputtering. All processes were followed by monitoring the changes in the ellipsometric parameters A and 1c/: SA and S$ are defined by 6A =A -A and S$ = $ -4, where A, li/ refer to the clean and A, 4 to the oxidized surface. Most of the experiments have been performed at a wavelength of 632.8 nm, however 500.0 nm has also been used.
Results

I. Incoloy 800H
The oxidation experiments at room temperature were performed at four different pressures. At low pressures (Po, I 4.0 x lo-' Pa) the oxidation curve shows a sigmoidal shape, while at pressures 2 2.3 X lop5 Pa the ellipsometric parameters SA and S# increase very fast until they reach a value after which subsequent oxidation is very slow ( fig. 1 ). The low temperature oxidation (LTO) is governed by an incoming oxygen flux at the surface. The probability for an oxygen atom to hit the uncovered surface is given by 1 -A/Atot, where A and A,,, represent the covered and total area of the surface respectively.
The increase in the area covered by oxygen is given by:
where s, a, and + are the sticking coefficient of an oxygen atom on the basal plane, the area occupied by a single oxygen atom and the incoming flux of oxygen atoms. Integration yields:
l-0=1-A/A,,,=exp(-m&t). (7)
If one assumes B = sA/sA rC, where 6A, is the 6A corresponding to a fully covered surface, eq. (7) gives the dependence of the change in the ellipsometric parameter A with time. The drawn lines in figs. 1 and 2 are the calculated values for the LTO using expression (7) (the vertical bars represent the experimental data). If one assumes dissociative chemisorption to be the first step in the oxidation process, uo becomes the 02-area, which is 4.5 X 10pzo m2. Together with aA,, = 1.8", the sticking coefficient becomes 0.042. If the process is a physisorption process, the area of atomic oxygen should be used, giving a sticking coefficient of 0.05. 
LnCExposure)
CLn(L)l agreement with the values reported for Ni(lOO), Ni(ll0) and Ni(ll1) surfaces Pa Fig. 2 shows that the oxidation mechanism is independent of the product of oxygen pressure and time.
The temperature dependence of 611 as a function of exposure to oxygen is shown in fig. 3 . All curves are taken at an oxygen pressure of 2.3 X 10e5 Pa.
The initial oxidation seems to be independent of the temperature, but after reaching a critical oxide thickness, the influence of the temperature becomes noticeable.
The critical thickness of about 0.9 nm (6A = 1.8") is the same as the thickness of a fully covered surface! The subsequent LTO can be described by a logarithmic equation and at high temperatures (T 2 470 K) it can be described by a parabolic one.
AZSZ 304
The LTO of AI'S1 304 does not show the same behaviour as that of Incoloy 800H: even at low pressures the oxidation of AISI 304 starts immediately.
The mechanism of oxidation is independent of pressure on a Langmuir scale ( fig.  4 ). Fig. 5 shows the temperature dependence of the oxidation of AISI 304 (PO, = 2.3 X lo-' Pa). Like Incoloy 800H, it shows a temperature independent part up to 6A = 2.1", which corresponds to an oxide thickness of 1.0 nm. The subsequent oxidation of AISI 304 can be described by a logarithmic equation at low temperatures, and the high temperature oxidation by a parabolic one. (AISI 304, undeformed.)
Influence of cold work
The oxidation of AISI 304 is affected considerably by cold deformation. Due to cold work a phase transformation occurs in which some martensite formation takes place in the austenitic grains. The grain boundaries between the austenite and martensite grains show a very high diffusivity for Cr and Fe [21] , explaining the increase of the oxidation resistance of AISI 304 as a result of cold work [1, 2, 22] .
Although Ar ion bombardment is used in all our investigations, this does not seem to influence the oxidation behaviour of AISI 304, the oxidation resistance still increases with increasing cold work. For Incoloy 800H a decrease in oxidation resistance with increasing cold work has been reported [22] . However, this influence has not been seen in this study -probably due to an increased number of defects created by the bombardment procedure. It made no difference whether the steel was pretreated and no influence of cold work on the oxidation resistance was observed, so that it is concluded that the surface layer has been amorphized by the argon bombardment.
All samples showed a relaxation effect after ion bombardment was stopped, i.e. the ellipsometric parameters A and 4 showed a small decrease. This was of the same order of magnitude (6A = 0.2") 81) = 0.02" ), and had a similar relaxation time (t = 45 min) as reported for Ni(ll0) [23] . This decrease in A and J/ is caused by the segregation of oxygen towards the surface. It is highly unlikely that this oxygen is coming from the residual gas as the background pressure was less than lop8 Pa, with CO and CO, as its main constituents and oxygen itself was never detected.
Composition of oxide layers
Oxide compositions were determined using successive Ar ion bombardment and AES cycles. The depth profiles of the oxides formed on AISI 304 and Incoloy 800H were observed to be almost the same, i.e., an inner layer rich in chromium and an outer layer rich in iron. The depth profile of the composition did not depend on pretreatment.
An AES sputter profile of undeformed Incoloy 800H is given in fig. 6 . The concentrations were calculated using where CX, are correction factors (C(273): 5.0, 0(515): 2.0, Cr(528): 3.3, Fe(651): 5.0, Ni(848): 3.6)) and hi is the peak-to-peak height of element i. In fig. 6a oxygen is included in the calculation but in fig. 6b it is not. In the latter representation it is more clear where enrichment of a metal occurs. The ion-dose instead of oxide thickness is given along the x-axis, because there is a large uncertainty in the relation between the two. There are several reasons why the ion dose is not uniquely related to the thickness of the sputtered layer:
(1) Fe 3+ is reduced to Fe*+ [24] ; (2) preferential sputtering of one of the components may occur; (3) the sputter rate may change gradually from the oxide to the bulk value, whenever the bulk is internally oxidized. The total oxide thickness of fig. 6 can be estimated using the ellipsometric data to be about 3.0 nm. The dashed line in fig. 6 gives the presumed oxide/metal interface. From XPS data it has been shown that Ni is not involved in the oxidation process and is not oxidized [24] . From this it is concluded that the oxide/metal interface is situated where the Ni reaches its bulk concentration.
This procedure differs somewhat from that suggested by Seo and Sato [25] , in which they assume that the oxide/metal interface is situated at the point where the oxygen concentration reaches the bulk value. This method does not take internal oxidation into account and it assumes that the oxide stoichiometry may vary from 60 at% to 0 at% oxygen, which is very unlikely.
It is concluded that some chromium is internally oxidized at grain boundaries.
Confirmation for this is obtained from the Auger sputter profiles, which show an enrichment in chromium of the surface layer just below the oxide/metal interface.
Discussion
Based on the following observations (1) the temperature independence of the initial oxidation; (2) the linear dependence of 6A and S$ up to M = 1.8" ( -3 ML); (3) the dependence of &A on oxygen concentration in the surface layer; (4) the simultaneous oxidation of iron and chromium [24] ; (5) the dependence of the initial oxidation on the argon bombardment conditions; it is concluded that the initial oxidation behaviour of Incoloy 800H and AISI 304 is governed by the dissolution of oxygen in the metal surface up to a saturation corresponding to a 3 ML coverage. A 3 ML coverage has also been reported for Ni(ll0) [23] and Ni(lOO) [6, 7] . Mitchel et al. [8] reported that the oxidation is strongly influenced by the amount of carbon present at the surface prior to oxidation.
By changing the carbon fraction from 0.1 to 0.75 the oxygen coverage was reduced from 3 to 2 ML. The mechanism to reach these coverages could be described by the model of Holloway and Hudson [6] , which is characterized by a temperature independent chemisorption followed by a nucleation process with additional lateral growth of these oxide nuclei. The end of the chemisorption stage is characterized by a saturation in oxygen uptake. The length of this saturation period depends on the anneal temperature of the crystal prior to oxidation. Hanekamp et al. [23] have shown for a Ni(ll0) crystal that the length of this saturation period could be changed from 0 to 2 L by lowering the anneal temperature from 740 to 570 K. The nucleation stage is inversely related to the sample temperature, thus increasing temperature leads to a decrease in nucleation rate. The oxidation of stainless steels, however, shows a temperature independent part up to a 3 ML coverage. The linearity between SA and SI/ indicates that during this stage only a single process is involved [12] . Because the polarizability of chemisorbed oxygen is different from that of oxide, one would expect a change in the 6A -81) curve, whenever the oxidation mechanism changes from chemisorption to oxide nucleation and lateral growth of oxide islands. After the 3 ML coverage such a clear change in the SA -S$ curve appears, indicating the onset of a new process. Another indication that the surface saturation of oxygen is important is the dependence of SA and S$ upon oxygen concentration in the surface layer. Table 2 shows that there is a direct relation between the cleanness of the surface and the ultimate change in A and 4. The only difference between the oxidations listed in table 2, is the initial change in the ellipsometric parameters. The subsequent oxidations, indicated by the change in SA -St) curves, agreed, in all cases, within experimental error. Hanekamp et al. [23] reported that no difference could be found, for Ni(llO), between initial oxidations performed without oxygen or with 5 at% oxygen present prior to oxidation. They explained this behaviour by suggesting that the 5 at% oxygen present at the surface, was dissolved oxygen in the layer just below the Ni(ll0) surface. This dissolved oxygen did not take part in the oxidation process. However, it is clear (table 2) that this is not the case in the oxidation of stainless steel, explaining the differences in oxidation behaviour between Ni and stainless steel. If oxygen chemisorption would be the first step in the oxidation process, one would expect to find an enrichment of the surface in chromium, for the free enthalpy of the oxidation of chromium is more negative than that of iron. However, XPS data [24] show that iron and chromium are oxidized simultaneously and at the same rate. Only at high temperatures (T > 600 K) is chromium oxidized preferentially. The reported influence of Ar ion bombardment conditions [26] on the oxidation behaviour of Incoloy 800H suggests that the initial oxidation process is one of oxygen incorporation in the first surface layers: i.e., the initial oxidation behaviour was very much affected by the ion density of the bombardment.
The number of defects created by the bombardment was linearly related to the initial change in SA and S+, suggesting oxygen incorporation in the amorphized layer. There are some differences between the surface treatments of the stainless steels and that of nickel in the literature, which might explain some differences in the oxidation behaviour. The oxidations of Ni have all been performed on Ni single crystals, which were annealed prior to oxidation. The stainless steel surfaces used in this investigation were polycrystalline and had not been annealed. The specimens were always used in the amorphized state produced by the Ar-ion bombardment without subsequent annealing, because the main interest was the study of the influence of previously applied cold work on the initial oxidation behaviour.
Another reason why the stainless steel surfaces were not given an anneal treatment was the surface segregation of chromium at temperatures above 600 K [l] . In conclusion it is suggested that the initial oxidation of stainless steel is characterized by oxygen incorporation up to a saturation of 3 ML.
I. Subsequent oxidation
The low temperature subsequent oxidation can be described by a logarithmic rate equation. The high temperature oxidations show parabolic behaviour. Fehlner and Mott (FM) [18] deduced a logarithmic rate equation for field-assisted ion movement.
Eley and Wilkinson (EW) [16] introduced a term depending on the structure of the film. In this way recrystallization, reconstruction and grain boundary diffusion are taken into account. The activation energies are given by E = W + px [8] (EW), and E = W + px -$qaF [9] (FM). From a plot of the rate dSA/dt versus 6A, this structural term p can be determined ( fig. 7 ). The overall activation energy of the subsequent oxidation experiment can be determined from the slope of the rate daA/dt against l/T, where the rate is taken at a constant 6A (-2.4") ( fig. 8 ). In this way the structural term is known and W-:qaF (FM) or W (EW) can be calculated.
The activation energy in the EW model became negative for some oxidation experiments, indicating that more processes are involved. In the FM model the field is assumed to be constant as the oxide thickens, so that it can be calculated by estimating the potential difference at the onset of logarithmic oxide growth. The potential difference for a flat plate capacitor is given by
where Q is the total charge, d the oxide thickness and A the area of the condenser. Q can be estimated from the number of available sites for oxygen adsorption'on an oxide (-1.0 X 10+lR mP2). mol-'. This is reasonably close to the bond strength of oxides ( -80 kJ mol-' for FeO, -100 kJ mol-' for NiO and -200 kJ molP' for Cr,O, [IS]) and it suggests that bonds have to be broken in order to make diffusion possible so that cation diffusion occurs via lattice sites
In table 3 a survey of apparent activation energies is given for Incoloy 800H and AISI 304.
Conclusions
The initial oxidation behaviour of stainless steel is governed by a temperature independent incorporation of oxygen atoms in the first 3 layers of the metal surface. The subsequent oxidation only proceeds if the surface layer is saturated with oxygen. The mechanism by which the oxidation proceeds is a field-assisted cation movement. The electric field, built up as a consequence of electron transfer from the metal atoms to the oxygen, remains constant during the oxidation process. The apparent activation energy for the ion movement is about 100 kJ mol-'.
The surface condition plays an essential role in the observed kinetics of the formation of the first oxide layer. The subsequent oxidation is hardly influenced by it and the mechanism of oxidation is the same for all pretreatments.
